Abstract-The following disulfide compounds: 2-hydroxyethyldisulfide (2-ME,,X), 2-aminoethyldisulfide (cystamine) and oxidized dithiothreitol (DTToX) were found to augment the in vitro antibody response to sheep erythrocytes in murine lymphocytes as effectively as their reduced forms when they were added to the culture medium.
Abstract-The following disulfide compounds: 2-hydroxyethyldisulfide (2-ME,,X), 2-aminoethyldisulfide (cystamine) and oxidized dithiothreitol (DTToX) were found to augment the in vitro antibody response to sheep erythrocytes in murine lymphocytes as effectively as their reduced forms when they were added to the culture medium.
We, however, found out that the mode of action of DTToX was greatly different from that of 2-ME,,,, or cystamine. 2-ME,,,, and cystamine showed augmenting effects on the proliferative response to lipopolysaccharide and on the uptake of (35S) -cystine by the lymphocytes.
In contrast to these intermolecular disulfides, DTToX, an intramolecular disulfide compound, was found to be inactive in these systems.
2-ME,,,, and cystamine, but not DTToX, were reduced to thiol forms by the intact lymphocytes or by the cell homogenate.
Thus, it is likely that DTToX did not behave as the reduced form in the lymphocyte culture in contrast to 2-ME,, and cystamine, suggesting that the disulfide form itself plays an important role in augmenting effects of DTToX.
Since Click et al. have reported that 2 mercaptoethanol (2-ME) augments an in vitro antibody response in murine lympho cytes (1) , this simple thiol compound has been widely used as an additive to the culture medium for eliciting an antibody response efficiently. Broome and Jeng have demon strated that a variety of thiol and disulfide compounds could stimulate the in vitro growth of L1210, a murine lymphoma (2) . Several reports have appeared for explaining the mechanism of action of 2-ME (3, 4) . Its mode of action, however, has remained unclear for a long period, particularly at the molecular level. Recently, we have reported that one of the major roles of 2-ME in the augmentation of an in vitro antibody response is to stimulate the uptake of cystine by murine lymphocytes (5, 6). It was revealed that cystine is an essential nutrient for eliciting the antibody response in vitro and is contained in RPMI-1640 medium only at a suboptimal level (6). A similar mechanism has been proposed in 2-ME-stimulation of the growth of L1210 (7, 8).
When one adds thiol compounds to the culture medium, these are readily oxidized into disulfide forms (9). Therefore, it is necessary to investigate the effects of both thiol and their disulfide forms in order to understand the real mode of action of added thiol compounds. We supplemented with 10% FCS, penicillin G (50 ug/ml) and streptomycin (50 icg/ml) in a humidified atmosphere of 5% CO2 and 95% air at 37°C for 4-5 days using multi-dish culture plates with 24 wells (NUNC, Kamstrup, Denmark). In the case of polyclonal antibody response, the same number of spleen cells were cultured with 50 icg/ml LPS for 3 days. Antibody response was assayed by enumerating the number of direct hemolytic plaque-forming cells (PFC) according to the method of Jerne and Nordin (11). Lightly conjugated TNP-SRBC were prepared as described by Rittenberg and Pratt (12) for detecting anti-TN P PFC. Polyclonal antibody response was assayed by using TNP-SRBC as the target. All cultures were performed in duplicate or triplicate. Typical data from several repeated experiments were presented. The standard error did not usually exceed 15% of the mean value.
DNA synthetic response: Spleen cells (1 X 105) were cultured in triplicate with or without LPS (50 rcg/ml) in 0.2 ml of RPM I 1640 medium containing 10% FCS at 37°C for 48 hr in a humidified atmosphere of 5% CO2 and 95% air. Then, the cells were pulsed with 0.5 PCi of (3H) -Td R for 18 hr and harvested onto glass filter strips using an automatic cell harvester (Labo Mash 101, Labo Science, Tokyo). The standard error did not exceed 10% of the mean value.
(35S)-cystine uptake by murine lympho cytes: This experiment was performed as described previously (6). Briefly, erythrocyte depleted spleen cells (5X106) were incubated at 37°C in 1 ml of RPMI-1640 medium con taining 10% FCS and 0.5 PC' of (35S) cystine (0.1 mM as half cystine) under 5% CO2 and 95% air. After 1 or 24 hr, cells were washed twice with 4 ml of cold phosphate buffered saline and measured for the trans ported radioactivity.
Reduction of disulfide compounds by intact lymphocytes: BALB/c spleen cells (6x106) were incubated with 10-4 M 2 ME,,,, cystamine or DTToX in 1 ml of RPMI 1640 medium containing 10% FCS at 37°C under 5% CO2 and 95% air. After the indicated time, cell suspensions were centrifuged, and the supernatants were collected. Free thiol contents in the supernatants were determined using DTNB as described by Bannai and Ishii (10).
Reduction of disulfide compounds by the lymphocyte homogenates: BALB/c spleen cells (2x108) were homogenized in 2.5 ml of cold 0.1 M potassium phosphate buffer (pH 7.2) containing 0.3 M sucrose using a teflon homogenizer. The homogenates were centrifuged at 100 X g for 1 min to remove the large debris and undisrupted cells. The supernatant fraction was used as the enzyme source. 2-ME,),, or DTToX (1 mM each) was incubated at 37 °C in a 0.5 ml reaction mixture containing 2 mM NADPH, 0.1 M potassium phosphate buffer (pH 7.2) and 0.3 ml of the lymphocyte homogenates. After 30 min, the reactions were terminated by the addition of 0.4 ml of 1 N HCI, followed by centrifugation at 1000Xg for 5 min. The supernatants were collected, neutralized with 1 N NaOH and were assayed for the content of free thiol groups using DTNB as described above (10).
Results

Augmentation
of in vitro antibody response by disulfide compounds:
As shown in Fig. 1 Table 1 ). The problem is whether the augmenting effects of these disulfide compounds were due to the disulfide structure or to their thiol forms after they were reduced by the lymphocytes. Thus, it was investigated whether these disulfide compounds were reduced by murine lymphocytes. As shown in Fig. 3 , the incubation of 2-ME, or cystamine with murine lymphocytes resulted in the generation of free thiol groups in the culture medium. This was not, however, observed when the cells or disulfide was absent from the medium, suggesting that 2-ME,,, and cystamine were reduced to thiol forms by the cells. On the contrary, free thiol groups were not produced when the lymphocytes were incubated with DTTO, in the same manner. Furthermore, no detectable thiols were accumulated in the trichloroacetic acid-soluble fractions of the cells (data not shown).
These results sug gested that DTTO, was not reduced in the lymphocyte culture. To further confirm this assumption, it was investigated whether disulfide compounds were reduced in vitro by homogenates of murine lymphocytes. As indicated in Table 2 , a significant amount of thiol groups were produced when 2-ME., was incubated with the lymphocyte homoge nates in the presence of NADPH. Omission of NADPH or 2-ME,,,, resulted in a marked decrease of thiol formation, indicating that 2-ME,,,, was reduced by the lymphocyte homogenates.
I n the absence of the cell homogenate, no thiol formation was observed (data not shown). Even when the substrate was not added, a considerable amount of thiol was produced. This would be due to the reduction of endogenous disulfide contained in the cell homogenates (for example, oxidized glutathione).
When DTTO, was used as a substrate in place of 2-ME,,,, the amount of thiol formation did not exceed the value that was obtained in the absence of disulfide.
Therefore, it is likely that DTTO, was not reduced under these experimental conditions. However, it can not be ruled out that a small amount of DTT might be formed and be responsible for the augmentation of the immune response. Then, DTTO, was examined in comparison with 2-ME,,, and cystamine for the effects on the following systems of murine lymphocytes in which various thiol compounds had been shown to have augmen ting effects (6, 13, 14). Effect of DTTO, on the proliferative response: Figure 4 shows that 2-ME, 2 ME,,,, cystamine, cysteamine and DTT induced the incorporation of (3H)-TdR into murine lymphocytes cultured in the medium containing 10% FCS. These compounds also markedly augmented the proliferative response to LPS. In these experiments, we confirmed that major radioactivities were present in the trichloroacetic acid-insoluble fraction, suggesting that (3H)-TdR uptake would reflect DNA synthesis. In contrast to these compounds, DTT,,; did not enhance the DNA synthetic response, but was rather inhibitory (Fig. 4) . Although the data are not presented, DTT,,, did not stimulate the proliferative response to concanavalin A. or without (---) 50 leg/ml LPS for 3 days as described in Methods. Polyclonal antibody response was estimated by using TNP-SRBC.
Effect of DTTOX on the uptake of (35S)_ cystine by murine lymphocytes: One of the major roles of 2-ME and other thiol com pounds in the augmentation of the antibody response is to stimulate the uptake of cystine, an essential nutrient for the lymphocytes as reported previously (5, 6). As shown in Fig.  5 , thiol compounds such as 2-ME and DTT stimulate (35S) -cystine uptake markedly when (35S) -cystine was incubated with the lymphocytes for 1 or 24 hr. As shown in Fig.  5 , 2-ME,, could stimulate (35S) -cystine uptake only slightly during the first 1 hr of incubation, but acquired a stimulating effect thereafter.
At 24 hr, 2-ME,,, showed a comparable stimulation to 2-VIE. This cor related well with the accumulation of free thiols in the culture medium when 2-ME,,, was incubated with the lymphocytes (Fig.  3) . It has been demonstrated that murine lymphocytes promoted the formation of Cys 2-ME (the mixed disulfide between 2-ME and cysteine) when the cells were incubated with 2-ME,, ,, and cystine (15). These obser vations suggest that 2-ME,, is able to stimulate cystine uptake after it is reduced to 2-ME by the lymphocytes.
I n contrast, DTTO, failed to stimulate (35S) -cystine uptake as shown in Fig. 5 . These results would sup port the assumption that DTTOX behaves as a disulfide in the lymphocyte culture in contrast to 2-ME,,,.
Augmentation of the polyclonal antibody response by DTT,,,: The above experiments showed that DTToX was not stimulatory for LPS-induced proliferative response in con trast to DTT (Fig. 4) . The polyclonal antibody response induced by the same concentration of LPS was, however, markedly augmented by DTToX as illustrated in Fig. 6 .
Discussion
We have been investigating the mechanism of augmentation of the in vitro antibody response by 2-ME and related thiol com pounds in murine lymphocytes. One of the important roles of 2-ME was shown to be its ability to stimulate the uptake of cystine, an essential nutrient, by murine lymphocytes (6, 14, 15). In addition, it has been demon strated that 2-ME and other thiols act on the lymphocytes as antioxidants that protect the cells from oxidative damages (16, 17). Broome and Jeng (2) have reported that both thiol and disulfide compounds could stimulate the in vitro growth of L1210. However, the effects of disulfide compounds on the antibody response remains unclear. In the present article, we found that 2-ME,,,, cystamine and DTToX could augment the in vitro antibody response as effectively as their reduced forms (Fig. 1) . 2-ME.,, and cystamine were shown to be reduced to thiols in the presence of the lymphocytes (Table 1 and Fig. 3 ). These disulfides showed similar stimulating effects to their thiol forms on the following systems of murine lymphocytes: 1) the proliferative response to LPS and 2) the uptake of cystine by the lymphocytes. Thus, it was suggested that these disulfides augment the antibody response, at least in part, after being reduced to thiols. However, it cannot be ruled out that the disulfide forms themselves may act on the lymphocytes by other mechanisms. On the other hand, DTToX did not show any stimulating effects on the above systems in contrast to other thiol and disulfide com pounds tested. Furthermore, we obtained several lines of evidence that DTToX was not reduced to DTT by the lymphocytes in contrast to 2-ME,,, and cystamine ( Fig. 3 and Table 1 ). Thus, it was suggested that DTToX behaves as the disulfide in the lymphocyte culture. Although the possibility can not be excluded that a very small amount of DTToX was reduced intracellularly, the mechanism of augmentation by DTToX would be different from that of 2-ME or 2-MEoX because DTToX did not stimulate cystine uptake (6, 15). When one added 1 mM DTT to the culture medium, 90% of the DTT was found to be oxidized within 12 hr (14), thus indicating that DTT would act on the lymphocytes as a thiol only in the initial phase of the culture period (4 days) and acts as the disulfide form in the later phase.
DTToX did not enhance the proliferative responses to LPS (Fig. 4) and concanavalin A (data not shown).
Interestingly, the polyclonal antibody response induced by LPS, however, was markedly augmented by DTToX. This implies that DTToX promotes the differentiation of the lymphocytes into anti body-forming cells without stimulating the proliferation of B cells nonspecifically. Similar activities were observed with other intramolecular disulfide compounds like oxidized dithioerythritol (a stereoisomer of DTToX), lipoic acid and the intramolecular disulfide form of 2-mercapto-2-methyl propanoyl-L-cysteine (SA96). SA96 has been shown to be effective as an antirheumatic drug (18). Although the mechanism of action of DTToX is still unclear, we have obtained several lines of evidence indicating that the augmentation of the antibody response by DTToX is mediated by the specific stimulation of helper T cell activity (19).
